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Abstract: The low response rates associated with immune checkpoint inhibitor (ICI) use has led to
a surge in research investigating adjuvant combination strategies in an attempt to enhance efficacy.
Repurposing existing drugs as adjuvants accelerates the pace of cancer immune therapy research;
however, many combinations exacerbate the immunogenic response elicited by ICIs and can lead to
adverse immune-related events. Metformin, a widely used type 2 diabetes drug is an ideal candidate
to repurpose as it has a good safety profile and studies suggest that metformin can modulate the
tumour microenvironment, promoting a favourable environment for T cell activation but has no direct
action on T cell activation on its own. In the current study we used PET imaging with [18F]AlF-NOTA-
KCNA3P, a radiopharmaceutical specifically targeting KV1.3 the potassium channel over-expressed
on active effector memory T-cells, to determine whether combining PD1 with metformin leads
to an enhanced immunological memory response in a preclinical colorectal cancer model. Flow
cytometry was used to assess which immune cell populations infiltrate the tumours in response to
the treatment combination. Imaging with [18F]AlF-NOTA-KCNA3P demonstrated that adjuvant
metformin significantly improved anti-PD1 efficacy and led to a robust anti-tumour immunological
memory response in a syngeneic colon cancer model through changes in tumour infiltrating effector
memory T-cells.

Keywords: immune checkpoint inhibitors (ICI); positron emission tomography (PET); potassium
channels; metformin

1. Introduction

Immune checkpoint inhibitors (ICIs) have achieved great success in the field of
immuno-oncology, but low response rates have prompted research to investigate com-
bination strategies in an attempt to enhance efficacy [1,2]. Repurposing existing drugs
as adjuvants for ICI treatment is a promising course of action and accelerates the pace
of cancer immune therapy research. Clinical trials to assess the use of viruses, tumour
vaccines, chemotherapy and molecular targeted drugs are underway to determine which
adjuvants are suitable to improve response rates when combined with ICIs [3]. Most adju-
vants being tested have demonstrated independent immune stimulatory effects and either
exhibit their own immune related side effects or have the potential to exacerbate those
commonly associated with ICI therapy [4,5]. Metformin, however, is an ideal candidate
to repurpose as it is one of the most widely used drugs for patients with type 2 diabetes,
has been linked with a preventative role in cancer formation, and has an excellent safety
profile [6]. Metformin regulates the adenosine monophosphate-activated protein kinase
(AMPK) and liver kinase B1 (LKB1) pathways, which inhibit the mammalian target of
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rapamycin (mTOR). This results in the inhibition of protein synthesis, gluconeogenesis,
and insulin production [7,8] all of which can help regulate tumour growth. Recent studies
have suggested that metformin may also enhance tumouricidal immune responses when
paired with ICIs by reducing tumour hypoxia, a barrier to successful tumour immune-
responses, improving T-cell proliferation and effector function [9]. One recent clinical
study attributes metformin with overcoming resistance to nivolumab in a patient with
lung cancer by reducing tumour hypoxia, although the study size was small [10], while
another showed improved responses in diabetic melanoma, renal cell carcinoma and lung
cancer patients [11]. Other studies have shown limited effects of combination with met-
formin [6,12]; however, most studies showed that the combined use of nivolumab with
metformin was safe and did not increase the risk of adverse events [13]. Determining
whether drugs with relatively mild effects on the tumour microenvironment can improve
ICI response is especially difficult as the current methods for assessing treatment efficacy
are insensitive and mainly geared towards measuring changes in tumour volumes [14].
KV1.3 is overexpressed in active effector memory T-cells (TEM) [15], and is involved in
the development of a robust anti-tumour immunological memory response. Head and
neck cancer patients that responded to ICI therapy with PD1 inhibitors had TILs with high
expression of Kv1.3 [16] and significant increases in TEM cells in responsive tumours versus
non-responsive tumours [17]. Recently we demonstrated that [18F]AlF-NOTA-KCNA3P, a
radiopharmaceutical specifically targeting KV1.3, is able to reproducibly identify lasting
therapy response to ICIs [18]. In the current study we demonstrate that [18F]AlF-NOTA-
KCNA3P is sensitive enough to measure an enhanced immunological memory response
induced by combining αPD1 with metformin.

2. Results
2.1. Model Development and Evaluation of Treatment Efficacy

A schematic representing the treatment regimen, tumour volume assessment and
imaging for the animals is shown in Figure 1A. Overall, tumour growth showed normal
distribution with each treatment cohort exhibiting different response rates and magnitudes
(Figure 1B, Shapiro–Wilk p = 0.881). The greatest response rate and tumour shrinkage was
observed in the combined αPD1 plus Metformin treatment group, significantly greater
than observed in the αPD1 monotherapy treated group, while metformin alone had no
significant effect on tumour growth (Figure 1C and Supplementary Table S1). The criteria
for separation of tumours into treated responders (TR) or treated non-responders (TNR) has
been described previously [19] and is dependent on the change in tumour volume between
the first tumour volume measurement on day 6 and the final tumour volume measurement
on day 21 for each individual animal, using the control treated group tumours as a reference
point for TNRs. In the current study, TR animals displayed tumour volumes ≤ 740 mm3 on
day 21 (>2 SD lower than the mean control group value on day 21).

Importantly, TR animals displaying high tumour retention of [18F]AlF-NOTA-KCNA3P
(on day 12) showed little tumour growth after re-challenge with tumour cells; however,
TNR animals displaying low tumour retention of [18F]AlF-NOTA-KCNA3P (on day 12)
showed significantly greater tumour growth after re-challenge (Figure 1D).

2.2. Tumour Retention of [18F]AlF-NOTA-KCNA3P Assessed by PET Imaging

Tumour retention of [18F]AlF-NOTA-KCNA3P varied across the different treatment co-
horts studied (Figure 2A and Table 1). Tumour retention of [18F]AlF-NOTA-KCNA3P
and tumour growth inhibition were well correlated (Pearson r = 0.668, *** p < 0.01,
n = 50). The control cohort, the metformin cohort and the TNR showed little [18F]AlF-NOTA-
KCNA3P tumour retention, whereas the tumours responsive to αPD1 had significantly
greater retention (** p < 0.01 compared to TNR). The αPD1 + metformin combination
responders, however, showed even greater retention of [18F]AlF-NOTA-KCNA3P when
compared to the TNRs (*** p < 0.001) and significantly increased retention compared to the
αPD1 responsive group ($ < 0.05, Figure 2).



Int. J. Mol. Sci. 2022, 23, 12892 3 of 10

Int. J. Mol. Sci. 2022, 23, 12892 3 of 10 
 

 

 
Figure 1. (A) Schematic showing the treatment, tumour volume assessment and imaging regimen. 
(B) Individual tumour volumes for each animals highlighting the variability in response. (C) Tu-
mour volumes in each treatment cohort after therapy response stratification. (D) Average tumour 
volume after tumour re-challenge. Data are represented as mean ± S.D. (TR, responding tumours; 
TNR, non-responding tumours). 

Figure 1. (A) Schematic showing the treatment, tumour volume assessment and imaging regimen.
(B) Individual tumour volumes for each animals highlighting the variability in response. (C) Tumour
volumes in each treatment cohort after therapy response stratification. (D) Average tumour volume
after tumour re-challenge. Data are represented as mean ± S.D. (TR, responding tumours; TNR,
non-responding tumours).
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Figure 2. (A) Representative MIP images indicating tumour retention of [18F]AlF-NOTA-KCNA3P 
across the treatment cohorts. Tumour borders are shown as yellow dotted lines. (B) Bar graph indi-
cating tumour retention of [18F]AlF-NOTA-KCNA3P in each treatment cohort (Control, αPD1, met-
formin, combined αPD1 + metformin and TNRs; n = 5–10 mice/ group; ** p < 0.01, *** p < 0.001 com-
pared to TNR, $ p < 0.05 compared to αPD1; data shown as the mean %ID/g ± S.E.M.). (C) Retention 
of [18F]AlF-NOTA-KCNA3P in individual tumours from TR and TNRs (**** p < 0.0001). 

Table 1. Table displaying [18F]AlF-NOTA-KCNA3P tumour retention in each treatment cohort (con-
trol, αPD1, metformin, combined αPD1 + metformin and TNRs). 

Treatment Group [18F]AlF-NOTA-KCNA3P Tumour Retention 
(%ID/g ± SD) 

Control 0.596 ± 0.173 
Treatment Responders (TR) 

αPD1 
0.883 ± 0.120 ** 

Metformin 0.557 ± 0.082 
PD1 + Metformin 1.098 ± 0.203 *** $ 

Treated Non-Responders (TNR) 0.617 ± 0.105 
Data are shown as the mean %ID/g ± S.D; n = 5–10 mice/group; ** p < 0.01, *** p < 0.001 comparing 
to TNR, $ p < 0.05 comparing to αPD1 alone. 

Figure 2. (A) Representative MIP images indicating tumour retention of [18F]AlF-NOTA-KCNA3P
across the treatment cohorts. Tumour borders are shown as yellow dotted lines. (B) Bar graph
indicating tumour retention of [18F]AlF-NOTA-KCNA3P in each treatment cohort (Control, αPD1,
metformin, combined αPD1 + metformin and TNRs; n = 5–10 mice/group; ** p < 0.01, *** p < 0.001
compared to TNR, $ p < 0.05 compared to αPD1; data shown as the mean %ID/g ± S.E.M.).
(C) Retention of [18F]AlF-NOTA-KCNA3P in individual tumours from TR and TNRs (**** p < 0.0001).

Table 1. Table displaying [18F]AlF-NOTA-KCNA3P tumour retention in each treatment cohort
(control, αPD1, metformin, combined αPD1 + metformin and TNRs).

Treatment Group [18F]AlF-NOTA-KCNA3P Tumour Retention
(%ID/g ± SD)

Control 0.596 ± 0.173

Treatment Responders (TR) αPD1 0.883 ± 0.120 **

Metformin 0.557 ± 0.082

PD1 + Metformin 1.098 ± 0.203 *** $

Treated Non-Responders (TNR) 0.617 ± 0.105
Data are shown as the mean %ID/g ± S.D; n = 5–10 mice/group; ** p < 0.01, *** p < 0.001 comparing to TNR,
$ p < 0.05 comparing to αPD1 alone.

2.3. Tumour Retention of [18F]AlF-NOTA-KCNA3P Is Associated with Tumour Infiltration of
KV1.3 Expressing TEM Cells

Immunophenotypic populations associated with tumours designated as treated re-
sponders (TR) were compared to tumours designated as treated non-responders (TNR)
assessed using flow cytometry (Figure 3). Changes in the tumour infiltrating immunophe-
notype were clear in tumours responding to αPD1 or combined αPD1 + metformin with
the greatest changes associated with CD8+ TEM cells and CD4+ TEM cells (Figure 3B,C
and Table 2).
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Figure 3. Tumour infiltrating immune cell populations determined using FACS across each treat-
ment cohort (control, αPD1, metformin, combined αPD1 + metformin and TNRs). Data shown as 
(A) CD3+ cells as a % of total CD45+ cells, (B) CD8+ TEM cells as a % of total CD8+ cells, (C) CD4+ TEM 
cells as a % of total CD4+ cells ,(D) KV1.3+ TEM cells as a % of total CD3+ cells, and (E) F4/80+ cells as a 
% of total CD45+ cells. Data indicated are individual values with mean ± S.D. representative of n = 
5–10 mice/ cohort. * p < 0.05; ** p < 0.01 compared to TNR. 

Figure 3. Tumour infiltrating immune cell populations determined using FACS across each treatment
cohort (control, αPD1, metformin, combined αPD1 + metformin and TNRs). Data shown as (A) CD3+ cells
as a % of total CD45+ cells, (B) CD8+ TEM cells as a % of total CD8+ cells, (C) CD4+ TEM cells as a % of total
CD4+ cells, (D) KV1.3+ TEM cells as a % of total CD3+ cells, and (E) F4/80+ cells as a % of total CD45+ cells.
Data indicated are individual values with mean ± S.D. representative of n = 5–10 mice/cohort. * p < 0.05;
** p < 0.01 compared to TNR.

Table 2. Percentages of immune cell populations across each treatment cohort (control, αPD1,
metformin, combined αPD1 + metformin and TNRs).

Immune Cell Subpopulations Associated with CT26 Tumours

Treatment Cohort CD3+

% of CD45+
CD8+ TEM
% of CD8+

CD4+ TEM
% of CD4+

KV1.3+ TEM
% of CD3+

F4/80+

% of CD45+

Control 41.41 ± 4.08 10.53 ± 5.35 8.87 ± 4.39 1.21 ± 0.79 15.98 ± 4.41
TR

αPD1 47.28 ± 3.04 * 25.64 ± 9.78 * 13.51 ± 6.49 4.24 ± 3.13 * 12.39 ± 1.70
Metformin 34.48 ± 5.97 6.43 ± 4.84 5.82 ± 3.08 0.71 ± 0.57 21.03 ± 2.85

αPD1 + Metformin 59.23 ± 16.02 ** 66.65 ± 26.31 ** 59.96 ± 26.97 ** 6.47 ± 4.86 ** 9.31 ± 5.64 **
TNR 35.13 ± 4.57 9.35 ± 4.84 6.86 ± 3.40 0.72 ± 0.51 19.33 ± 2.95

Data are shown as the mean % of cells ± S.D; n = 5–10 mice/group; * p < 0.05, ** p < 0.01 compared to TNR.
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3. Materials and Methods

3.1. [18F]AlF-NOTA-KCNA3P Radiochemistry

The precursor NOTA-KCNA3P peptide was custom synthesized by the Chinese
Peptide Company (CPC) and radiolabeling was performed as previously described [18].
[18F]AlF-NOTA-KCNA3P was isolated with a non-decay corrected radiochemical yield
of 22.0 ± 6.4% within 50 min from delivery of aqueous [18F]fluoride. The radiochemical
purity was greater than 99% and the molar activity was 32.5 ± 11.2 GBq/µmol at the end
of synthesis (n = 4, Supplementary Materials Section S1.3).

3.2. Animal Procedures

All animal procedures adhered to the Singapore Institutional Animal Care and Use
Committee regulations (IACUC No. 211649). The tumour implantation procedure was car-
ried out as previously reported [19]. Mice were purchased from InVivos Singapore (BALB/c,
5–7 weeks old) and CT26 cells were implanted into the right shoulder
(2 × 105 cells per animal). The mice were dosed IP on days 6, 9 and 12 following tu-
mour implantation with either 5 mg/kg rat IgG2a isotype control (α-trinitrophenol mAb)
or 10 mg/kg rat IgG2a anti-mouse PD-1 (αPD1 mAb RMP1-14, Bio-X-Cell, New Hampshie
USA). Metformin was dosed IP on days 6, 8, 10 and 12 following tumour implantation
(50.0 mg/kg, Sigma-Aldrich, Singapore, Singapore). Tumour volumes were measured
longitudinally using calipers, and the tumour response was determined by measuring
tumour growth inhibition as described in the Supplementary Materials Section S1.4.

On day 22 post implantation, animals with tumours responsive to therapy (TR)
and concomitant high [18F]AlF-NOTA-KCNA3P tumour retention (>0.8%ID/g), and ani-
mals with tumours that were non-responsive to therapy (TNR) and low [18F]AlF-NOTA-
KCNA3P tumour retention (<0.5%ID/g), were reimplanted with CT26 tumour cells in
the contralateral left shoulder as described above. Tumour growth was assessed for a
further 25 days.

3.3. PET-CT Imaging

A Siemens Inveon PET-CT was used to image the animals at 12 days after tumour
implantation, as described previously [18]. [18F]AlF-NOTA-KCNA3P (~10 MBq) was in-
jected via the lateral tail vein and tissue retention assessed using static PET imaging at
60 min post injection. Amide software (version 10.3 Sourceforge, Stanford, CA, USA)
was used to analyse the static acquisitions and delineate volumes of interest to deter-
mine radioactivity retention in tissues. Data are expressed as % of the injected dose per
gram (%ID/g).

3.4. Flow Cytometry

Flow cytometry was used to assess the tumour-infiltrating immune cells as described in
detail previously [19]. The tumours were excised and processed into a single cell suspension,
assessed for viability with Trypan Blue (Sigma-Aldrich), and stained for a wide range of
immune cell markers, as detailed in the Supplementary Materials Section S1.5. Flow cytometry
was performed on a BD FACSymphony. Data were recompensated and analysed using
FlowJo V10.7.1 software (FlowJo LLC, Ashland, OR, USA). Dimension reduction analysis
has also been detailed previously. t-Distributed Stochastic Neighbor Embedding (t-SNE) was
used for unbiased dimension reduction and Rphenograph was used for clustering using
the default parameters with the cytofkit package in RStudio [18,20] (https://github.com/
JinmiaoChenLab/cytofkit, accessed on 2 May 2022). One thousand cells from each fcs file
were used for analysis, using the following markers: KV1.3 (KV1.3 potassium channel marker),
CCR7 (memory T cell marker), CD3 (pan-T cell marker), CD4 (helper T cell marker), CD8
(cytotoxic T cell marker), CD11b (myeloid marker), CD11c (dendritic cell marker), CD206,
F4/80, I-A/I-E (MHC class II marker), Ly6C (macrophage marker), Ly6G (neutrophil marker),
Nkp46 (pan-NK cell marker) and Siglec-F (eosinophil marker).

https://github.com/JinmiaoChenLab/cytofkit
https://github.com/JinmiaoChenLab/cytofkit
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3.5. Statistical Analysis

Kruskal Wallis 1-way ANOVA with Dunn’s post-test for multiple comparisons were
used for statistical analysis of the non-parametric data sets (GraphPad Prism version 8.3.4,
GraphPad Software, San Diego, CA, USA). p < 0.05 was considered statistically significant.
Data are expressed as mean ± S.D. unless otherwise indicated.

4. Discussion

[18F]AlF-NOTA-KCNA3P reproducibly measured anti-tumour immunological mem-
ory T cell responses with increased retention, evident in tumours responding to PD-1
inhibition and significantly augmented after adjuvant metformin therapy. However, met-
formin had no effect on [18F]AlF-NOTA-KCNA3P retention alone (Figure 2). Metformin
has been shown to play a preventative role in many cancer types, including colorectal
cancer, reducing incidence and mortality [21]; however, this is not mediated through
direct modulation of tumour infiltrating T cells. This preventative role is mediated in
part by metformin’s ability to regulate glucose, modulating its availability to both the
tumour and cells in the tumour microenvironment [22]. Metformin also reduces tumour
oxygen consumption and hypoxia. These changes to the tumour microenvironment en-
courage T-cells to proliferate in a regulated way once stimulated by a blockade of PD-1 [10].
The blockade of PD-1 can have a profound effect on the tumour microenvironment, acti-
vating tumour-associated T-cells and reinvigorating exhausted CD8+ T cells, which can
lead to tumor regression [17]. However, the tumour microenvironment contains many
types of immune cells, including immune suppressor cells such as tumour-associated
macrophages (TAMs), myeloid derived suppressor cells (MDSCs), and regulatory T-cells
(Treg cells), which can interfere with the efficacy of PD-1 blockade [10]. When used as an
adjunct, metformin’s ability to modulate the tumour microenvironment can significantly
improve the magnitude and durability of tumour-infiltrating T-cells in response to the PD-1
blockade [9]; however, metformin has little effect on the quantity or type of tumour infiltrat-
ing immune cells when delivered alone (Figure 3). Figure 3A shows a significant increase
in CD3+ T-cells and Figure 3E, and a concomitant decrease in immune suppressive F480+

cells after combined PD1 and metformin treatment. This reduction in immune suppression
mediated by metformin promotes T-cell differentiation in response to antigen stimulation.
After antigen stimulation, naïve T-cells differentiate into effector T-cells or memory T-cells
and undergo metabolic reprogramming. Naïve T-cells use oxidative phosphorylation as
an energy source, whereas effector T-cells rely on aerobic glycolysis. This metabolic repro-
gramming is initiated by the phosphatidylinositol-3- kinase–protein kinase B–mammalian
target of the rapamycin (PI3K–AKT–mTOR) pathway during T-cell activation, and can
lead to T-cell exhaustion [7,23,24]. Exhausted T-cells lack tumouricidal ability and hamper
the effective functioning of ICIs [24]. Metformin blocks mTOR signalling, moderating
effector T-cell expansion, which reduces exhaustion, restoring oxidative phosphorylation
and promoting differentiation to memory T-cells [25]. Figure 3B,C clearly shows signifi-
cantly increased tumour-associated CD4+ TEM and CD8+ TEM cells after combined αPD1
and metformin treatment, whereas αPD1 monotherapy only leads to a moderate increase
in CD8+ TEM cell infiltration, and metformin monotherapy causes no significant change
in comparison to the non-responding tumours. This increase in tumour-infiltrating TEM
cells has the potential to inhibit further tumour growth, as shown by the CT26 tumour
re-challenge (Figure 1D), highlighting the importance of non-invasive measurement of
tumour-infiltrating TEM cells. The presence of high numbers of infiltrating TEM cells has
been shown to correlate with a reduction in metastatic invasion and improved survival [26],
suggesting that αPD1-combinations that increase TEM cells have the potential to abrogate
tumour metastasis in colon cancer patients.

Whether [18F]AlF-NOTA-KCNA3P may prove effective clinically remains to be as-
sessed. Tumour uptake of [18F]AlF-NOTA-KCNA3P is intratumoural, but may be affected
by tissue necrosis or changes in vascularity, as KV1.3 is expressed in endothelial cells.
Interpretation of tissue retention can be complicated by background uptake. KV1.3 has
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been shown to be expressed by some cancers [27–33], immune cells including B lympho-
cytes and macrophages [34], and high uptake has been observed at the bone epiphyseal
endplates [35], potentially obfuscating uptake in some tissues.

5. Conclusions

Imaging with [18F]AlF-NOTA-KCNA3P provides a non-invasive way to measure
tumour infiltrating memory T-cells associated with metformin’s ability to enhance αPD1
response. Tumours exhibiting higher [18F]AlF-NOTA-KCNA3P retention demonstrated
an on-going resistance to tumour cell re-challenge, suggestive of a durable anti-tumour
memory response. The data indicate that [18F]AlF-NOTA-KCNA3P may be able to distin-
guish which drugs can be repurposed successfully as adjuvants to enhance the efficacy and
durability of PD1 checkpoint inhibition clinically.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms232112892/s1. Reference [36] is cited in the supplementary materials.

Author Contributions: Conceptualization, J.L.G. and E.G.R.; methodology J.L.G., E.G.R. and Y.Y.H.;
formal analysis, J.L.G. and S.K.; experimentation /investigation, B.R., P.C., S.V.H., S.K., Z.F.C. and
H.X.C.; data curation, J.L.G. and S.V.H.; writing—original draft preparation, J.L.G.; writing—review
and editing, E.G.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Institute of Bioengineering and Bioimaging (IBB), Agency
for Science, Technology and Research (A*STAR). The content is solely the responsibility of the authors
and does not necessarily represent the official views of A*STAR.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of A*STAR (IACUC number 211649, January 2022) for studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors gratefully acknowledge the cyclotron-radiochemistry team at the
Clinical Imaging Research Centre (CIRC) for provision of [18F]fluoride.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Morrissey, K.M.; Yuraszeck, T.M.; Li, C.C.; Zhang, Y.; Kasichayanula, S. Immunotherapy and Novel Combinations in Oncology:

Current Landscape, Challenges, and Opportunities. Clin. Transl. Sci. 2016, 9, 89–104. [CrossRef] [PubMed]
2. Wu, M.; Huang, Q.; Xie, Y.; Wu, X.; Ma, H.; Zhang, Y.; Xia, Y. Improvement of the anticancer efficacy of PD-1/PD-L1 blockade via

combination therapy and PD-L1 regulation. J. Hematol. Oncol. 2022, 15, 24. [CrossRef] [PubMed]
3. Tintelnot, J.; Stein, A. Immunotherapy in colorectal cancer: Available clinical evidence, challenges and novel approaches. World J.

Gastroenterol. 2019, 25, 3920–3928. [CrossRef]
4. Westdorp, H.; Sweep, M.W.D.; Gorris, M.A.J.; Hoentjen, F.; Boers-Sonderen, M.J.; van der Post, R.S.; van den Heuvel, M.M.;

Piet, B.; Boleij, A.; Bloemendal, H.J.; et al. Mechanisms of Immune Checkpoint Inhibitor-Mediated Colitis. Front. Immunol. 2021,
12, 768957. [CrossRef]

5. Schneider, B.J.; Naidoo, J.; Santomasso, B.D.; Lacchetti, C.; Adkins, S.; Anadkat, M.; Atkins, M.B.; Brassil, K.J.; Caterino, J.M.;
Chau, I.; et al. Management of Immune-Related Adverse Events in Patients Treated with Immune Checkpoint Inhibitor Therapy:
ASCO Guideline Update. J. Clin. Oncol. 2021, 39, 4073–4126. [CrossRef] [PubMed]

6. Yendamuri, S.; Barbi, J.; Pabla, S.; Petrucci, C.; Punnanitinont, A.; Nesline, M.; Glenn, S.T.; Depietro, P.; Papanicalou-Sengos,
A.; Morrison, C.; et al. Body Mass Index Influences the Salutary Effects of Metformin on Survival After Lobectomy for Stage I
NSCLC. J. Thorac. Oncol. 2019, 14, 2181–2187. [CrossRef] [PubMed]

7. Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of
AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167–1174. [CrossRef] [PubMed]

8. Fryer, L.G.; Parbu-Patel, A.; Carling, D. The Anti-diabetic drugs rosiglitazone and metformin stimulate AMP-activated protein
kinase through distinct signaling pathways. J. Biol. Chem. 2002, 277, 25226–25232. [CrossRef]

9. Scharping, N.E.; Menk, A.V.; Whetstone, R.D.; Zeng, X.; Delgoffe, G.M. Efficacy of PD-1 Blockade Is Potentiated by Metformin-
Induced Reduction of Tumor Hypoxia. Cancer Immunol. Res. 2017, 5, 9–16. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms232112892/s1
https://www.mdpi.com/article/10.3390/ijms232112892/s1
http://doi.org/10.1111/cts.12391
http://www.ncbi.nlm.nih.gov/pubmed/26924066
http://doi.org/10.1186/s13045-022-01242-2
http://www.ncbi.nlm.nih.gov/pubmed/35279217
http://doi.org/10.3748/wjg.v25.i29.3920
http://doi.org/10.3389/fimmu.2021.768957
http://doi.org/10.1200/JCO.21.01440
http://www.ncbi.nlm.nih.gov/pubmed/34724392
http://doi.org/10.1016/j.jtho.2019.07.020
http://www.ncbi.nlm.nih.gov/pubmed/31398539
http://doi.org/10.1172/JCI13505
http://www.ncbi.nlm.nih.gov/pubmed/11602624
http://doi.org/10.1074/jbc.M202489200
http://doi.org/10.1158/2326-6066.CIR-16-0103


Int. J. Mol. Sci. 2022, 23, 12892 9 of 10

10. Kim, Y.; Vagia, E.; Viveiros, P.; Kang, C.Y.; Lee, J.Y.; Gim, G.; Cho, S.; Choi, H.; Kim, L.; Park, I.; et al. Overcoming acquired
resistance to PD-1 inhibitor with the addition of metformin in small cell lung cancer (SCLC). Cancer Immunol. Immunother. 2021,
70, 961–965. [CrossRef]

11. Ciccarese, C.; Iacovelli, R.; Buti, S.; Primi, F.; Astore, S.; Massari, F.; Ferrara, M.G.; Palermo, G.; Foschi, N.; Iacovelli, V.; et al.
Concurrent Nivolumab and Metformin in Diabetic Cancer Patients: Is It Safe and More Active? Anticancer Res. 2022, 42, 1487–1493.
[CrossRef] [PubMed]

12. Svaton, M.; Zemanova, M.; Zemanova, P.; Kultan, J.; Fischer, O.; Skrickova, J.; Jakubikova, L.; Cernovska, M.; Hrnciarik, M.;
Jirousek, M.; et al. Impact of Concomitant Medication Administered at the Time of Initiation of Nivolumab Therapy on Outcome
in Non-small Cell Lung Cancer. Anticancer Res. 2020, 40, 2209–2217. [CrossRef] [PubMed]

13. Sieber, B.; Strauss, J.; Li, Z.; Gatti-Mays, M.E. Concomitant Medication Effects on Immune Checkpoint Inhibitor Efficacy and
Toxicity. Front. Oncol. 2022, 12, 836934. [CrossRef] [PubMed]

14. Villaruz, L.C.; Socinski, M.A. The clinical viewpoint: Definitions, limitations of RECIST, practical considerations of measurement.
Clin. Cancer Res. 2013, 19, 2629–2636. [CrossRef] [PubMed]

15. Chandy, K.G.; Norton, R.S. Immunology: Channelling potassium to fight cancer. Nature 2016, 537, 497–499. [CrossRef]
16. Newton, H.S.; Gawali, V.S.; Chimote, A.A.; Lehn, M.A.; Palackdharry, S.M.; Hinrichs, B.H.; Jandarov, R.; Hildeman, D.; Janssen,

E.M.; Wise-Draper, T.M.; et al. PD1 blockade enhances K+ channel activity, Ca2+ signaling, and migratory ability in cytotoxic T
lymphocytes of patients with head and neck cancer. J. Immunother. Cancer 2020, 8, e000844. [CrossRef]

17. Ribas, A.; Shin, D.S.; Zaretsky, J.; Frederiksen, J.; Cornish, A.; Avramis, E.; Seja, E.; Kivork, C.; Siebert, J.; Kaplan-Lefko, P.; et al.
PD-1 Blockade Expands Intratumoral Memory T Cells. Cancer Immunol. Res. 2016, 4, 194–203. [CrossRef]

18. Goggi, J.L.; Khanapur, S.; Ramasamy, B.; Hartimath, S.V.; Rong, T.J.; Cheng, P.; Tan, Y.X.; Yeo, X.Y.; Jung, S.; Goay, S.S.M.; et al.
Imaging Kv1.3 Expressing Memory T Cells as a Marker of Immunotherapy Response. Cancers 2022, 14, 1217. [CrossRef]

19. Goggi, J.L.; Hartimath, S.V.; Xuan, T.Y.; Khanapur, S.; Jieu, B.; Chin, H.X.; Ramasamy, B.; Cheng, P.; Rong, T.J.; Fong, Y.F.; et al.
Granzyme B PET Imaging of Combined Chemotherapy and Immune Checkpoint Inhibitor Therapy in Colon Cancer. Mol. Imaging
Biol. 2021, 23, 714–723. [CrossRef]

20. Chen, H.; Lau, M.C.; Wong, M.T.; Newell, E.W.; Poidinger, M.; Chen, J. Cytofkit: A Bioconductor Package for an Integrated Mass
Cytometry Data Analysis Pipeline. PLoS Comput. Biol. 2016, 12, e1005112. [CrossRef]

21. Dankner, R.; Agay, N.; Olmer, L.; Murad, H.; Keinan Boker, L.; Balicer, R.D.; Freedman, L.S. Metformin Treatment and Cancer
Risk: Cox Regression Analysis, with Time-Dependent Covariates, of 320,000 Persons with Incident Diabetes Mellitus. Am. J.
Epidemiol. 2019, 188, 1794–1800. [CrossRef] [PubMed]

22. Jalving, M.; Gietema, J.A.; Lefrandt, J.D.; de Jong, S.; Reyners, A.K.; Gans, R.O.; de Vries, E.G. Metformin: Taking away the candy
for cancer? Eur. J. Cancer 2010, 46, 2369–2380. [CrossRef] [PubMed]

23. Franco, F.; Jaccard, A.; Romero, P.; Yu, Y.R.; Ho, P.C. Metabolic and epigenetic regulation of T-cell exhaustion. Nat. Metab. 2020,
2, 1001–1012. [CrossRef] [PubMed]

24. Yu, Y.R.; Imrichova, H.; Wang, H.; Chao, T.; Xiao, Z.; Gao, M.; Rincon-Restrepo, M.; Franco, F.; Genolet, R.; Cheng, W.C.; et al.
Disturbed mitochondrial dynamics in CD8+ TILs reinforce T cell exhaustion. Nat. Immunol. 2020, 21, 1540–1551. [CrossRef] [PubMed]

25. Eikawa, S.; Nishida, M.; Mizukami, S.; Yamazaki, C.; Nakayama, E.; Udono, H. Immune-mediated antitumor effect by type
2 diabetes drug, metformin. Proc. Natl. Acad. Sci. USA 2015, 112, 1809–1814. [CrossRef]

26. Pages, F.; Berger, A.; Camus, M.; Sanchez-Cabo, F.; Costes, A.; Molidor, R.; Mlecnik, B.; Kirilovsky, A.; Nilsson, M.; Damotte, D.; et al.
Effector memory T cells, early metastasis, and survival in colorectal cancer. N. Engl. J. Med. 2005, 353, 2654–2666. [CrossRef]

27. Teisseyre, A.; Gasiorowska, J.; Michalak, K. Voltage-Gated Potassium Channels Kv1.3–Potentially New Molecular Target in
Cancer Diagnostics and Therapy. Adv. Clin. Exp. Med. 2015, 24, 517–524. [CrossRef]

28. Abdul, M.; Hoosein, N. Reduced Kv1.3 potassium channel expression in human prostate cancer. J. Membr. Biol. 2006, 214, 99–102.
[CrossRef]

29. Bielanska, J.; Hernandez-Losa, J.; Perez-Verdaguer, M.; Moline, T.; Somoza, R.; Ramon, Y.C.S.; Condom, E.; Ferreres, J.C.; Felipe, A.
Voltage-dependent potassium channels Kv1.3 and Kv1.5 in human cancer. Curr. Cancer Drug Targets 2009, 9, 904–914. [CrossRef]

30. Brevet, M.; Fucks, D.; Chatelain, D.; Regimbeau, J.M.; Delcenserie, R.; Sevestre, H.; Ouadid-Ahidouch, H. Deregulation of 2 potassium
channels in pancreas adenocarcinomas: Implication of KV1.3 gene promoter methylation. Pancreas 2009, 38, 649–654. [CrossRef]

31. Brevet, M.; Haren, N.; Sevestre, H.; Merviel, P.; Ouadid-Ahidouch, H. DNA methylation of K(v)1.3 potassium channel gene
promoter is associated with poorly differentiated breast adenocarcinoma. Cell. Physiol. Biochem. 2009, 24, 25–32. [CrossRef]
[PubMed]

32. Felipe, A.; Bielanska, J.; Comes, N.; Vallejo, A.; Roig, S.; Ramon, Y.C.S.; Condom, E.; Hernandez-Losa, J.; Ferreres, J.C. Targeting
the voltage-dependent K+ channels Kv1.3 and Kv1.5 as tumor biomarkers for cancer detection and prevention. Curr. Med. Chem.
2012, 19, 661–674. [CrossRef] [PubMed]

33. Felipe, A.; Vicente, R.; Villalonga, N.; Roura-Ferrer, M.; Martinez-Marmol, R.; Sole, L.; Ferreres, J.C.; Condom, E. Potassium
channels: New targets in cancer therapy. Cancer Detect. Prev. 2006, 30, 375–385. [CrossRef] [PubMed]

34. Gutman, G.A.; Chandy, K.G.; Adelman, J.P.; Aiyar, J.; Bayliss, D.A.; Clapham, D.E.; Covarriubias, M.; Desir, G.V.; Furuichi, K.;
Ganetzky, B.; et al. International Union of Pharmacology. XLI. Compendium of voltage-gated ion channels: Potassium channels.
Pharmacol. Rev. 2003, 55, 583–586. [CrossRef]

http://doi.org/10.1007/s00262-020-02703-8
http://doi.org/10.21873/anticanres.15620
http://www.ncbi.nlm.nih.gov/pubmed/35220243
http://doi.org/10.21873/anticanres.14182
http://www.ncbi.nlm.nih.gov/pubmed/32234916
http://doi.org/10.3389/fonc.2022.836934
http://www.ncbi.nlm.nih.gov/pubmed/35712518
http://doi.org/10.1158/1078-0432.CCR-12-2935
http://www.ncbi.nlm.nih.gov/pubmed/23669423
http://doi.org/10.1038/nature19467
http://doi.org/10.1136/jitc-2020-000844
http://doi.org/10.1158/2326-6066.CIR-15-0210
http://doi.org/10.3390/cancers14051217
http://doi.org/10.1007/s11307-021-01596-y
http://doi.org/10.1371/journal.pcbi.1005112
http://doi.org/10.1093/aje/kwz157
http://www.ncbi.nlm.nih.gov/pubmed/31269196
http://doi.org/10.1016/j.ejca.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20656475
http://doi.org/10.1038/s42255-020-00280-9
http://www.ncbi.nlm.nih.gov/pubmed/32958939
http://doi.org/10.1038/s41590-020-0793-3
http://www.ncbi.nlm.nih.gov/pubmed/33020660
http://doi.org/10.1073/pnas.1417636112
http://doi.org/10.1056/NEJMoa051424
http://doi.org/10.17219/acem/22339
http://doi.org/10.1007/s00232-006-0065-7
http://doi.org/10.2174/156800909790192400
http://doi.org/10.1097/MPA.0b013e3181a56ebf
http://doi.org/10.1159/000227810
http://www.ncbi.nlm.nih.gov/pubmed/19590190
http://doi.org/10.2174/092986712798992048
http://www.ncbi.nlm.nih.gov/pubmed/22204339
http://doi.org/10.1016/j.cdp.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16971052
http://doi.org/10.1124/pr.55.4.9


Int. J. Mol. Sci. 2022, 23, 12892 10 of 10

35. Ong, S.T.; Bajaj, S.; Tanner, M.R.; Chang, S.C.; Krishnarjuna, B.; Ng, X.R.; Morales, R.A.V.; Chen, M.W.; Luo, D.; Patel, D.; et al.
Modulation of Lymphocyte Potassium Channel KV1.3 by Membrane-Penetrating, Joint-Targeting Immunomodulatory Plant
Defensin. ACS Pharmacol. Transl. Sci. 2020, 3, 720–736. [CrossRef]

36. Tomayko, M.M.; Reynolds, C.P. Determination of subcutaneous tumor size in athymic (nude) mice. Cancer Chemother. Pharmacol.
1989, 24, 148–154. [CrossRef]

http://doi.org/10.1021/acsptsci.0c00035
http://doi.org/10.1007/BF00300234

	Introduction 
	Results 
	Model Development and Evaluation of Treatment Efficacy 
	Tumour Retention of [18F]AlF-NOTA-KCNA3P Assessed by PET Imaging 
	Tumour Retention of [18F]AlF-NOTA-KCNA3P Is Associated with Tumour Infiltration of KV1.3 Expressing TEM Cells 

	Materials and Methods 
	[18F]AlF-NOTA-KCNA3P Radiochemistry 
	Animal Procedures 
	PET-CT Imaging 
	Flow Cytometry 
	Statistical Analysis 

	Discussion 
	Conclusions 
	References

